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Two major structural proteins, MHP (major head protein) and MTP (major tail protein), from the lactococcal temperate
phage TP901-1 were sequenced at their amino acid termini, and derived degenerate oligonucleotides were used to locate
the corresponding genes in the phage genome. This genomic region was sequenced. The sequence characterized includes
a total of 11 open reading frames (ORFs) showing an operon structure. Upstream of each ORF, except ORF b2 and ORF x,
potential ribosome-binding sites were found, suggesting independent translation. However, coupled translation is suggested
for ORF x and as a possibility for ORF b3 and ORF c2, which have ribosome-binding sites located more distant from their
start codons. ORF b2 may be translationally fused with mhp at a low frequency. The mhp and mtp genes are transcribed
as a 3.7-kb mRNA with at least six additional ORFs. The organization of the genomic region analyzed resembles that of
other distantly related phages, providing possible roles for the uncharacterized ORFs. q 1996 Academic Press, Inc.
INTRODUCTION fLC3 are identical, while that of TP901-1 is different
(Arendt et al., 1994; Christiansen et al., 1994; Lillehaug
In recent years, detailed molecular analyses of Lacto-
and Birkeland, 1993).
coccus phages have been initiated to develop genetic
At present, limited information has been reported on
tools for the study of both lactococcal phages and their
the virion proteins of lactococcal phages. A 7.6-kb frag-
bacterial hosts (Arendt et al., 1994; Birkeland and Holo,
ment of the small isometric-headed virulent F4-1 phage
1993; Christiansen et al., 1994; Lakshmidevi et al., 1988,
genome was found to encode the 35-kDa major capsid
1990; Lillehaug et al., 1991; Lillehaug and Birkeland,
protein and four other proteins with sizes between 35
1993; Schouler et al., 1994; van de Guchte et al., 1994a,b).
and 43 kDa (Chung et al., 1991; Kim and Batt, 1991). The
The small isometric-headed temperate bacteriophage
prolate-headed phage bIL67, related to the phage c2
TP901-1, which showed DNA restriction fragment and
morphotype group, was characterized by DNA sequenc-
hybridization patterns identical to TP936-1 (Braun et al.,
ing of the entire genome. The location of a gene encoding
1989; Christiansen et al., 1994) and C3-T1 (Jarvis et al.,
a minor component of the tail structure was reported
1992), was first described by Braun et al. (1989). Examina-
(Schouler et al., 1994). The genomic regions encoding
tion of morphological features, DNA hybridization pro-
the major capsid proteins of Lactobacillus phages LL-H
files, and virion protein profiles of lactococcal phages
and mv4 were shown to have a gene encoding the main
led to taxonomic classification of seven groups of virulent
capsid protein in close association with three ORFs en-
and two groups of temperate phages. Temperate phages
coding small proteins ranging in size from 9.4 to 15.6
related to TP901-1 showed a high degree of morphologi-
kDa. The presence of a putative promoter upstream of
cal resemblance and DNA homology with the group rep-
the main capsid protein suggested that downstream
resented by virulent-type phage P335 (Arendt et al., 1994;
genes could be translated from a common transcript (Va-
Braun et al., 1989; Jarvis et al., 1991).
sala et al., 1993). A 1.2-kb genomic region encoding an
The attachment sites (attP) of phages Tuc2009 and
unidentified virion protein MP2 of phage Tuc2009 was
recently sequenced and putative promoter structures
were suggested at locations upstream of an additionalThe nucleotide sequence data reported in this article have been de-
posited with the EMBL, GenBank, and DDBJ Databases under Acces- gene, ORF x (Arendt et al., 1994).
sion No. X84706. No detailed study of the structure of lactococcal phage1 To whom reprint requests should be addressed. Fax: /45 35 28
virion proteins has been reported. DNA sequencing of32 14; E-mail: MGJ@Biobase.dk.
lactococcal phages should reveal information about de-2 Present address: Biotechnological Institute, Anker Engelunds Vej
1, building 227, DK-2800 Lyngby Denmark. tailed genomic organization as well as provide clues to
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TABLE 1
Bacteria and Plasmids
virion protein structure. We have initiated studies of the Recombinant DNA techniques
temperate phage TP901-1 by analyzing the protein com-
Restriction endonucleases, Klenow DNA polymerase,ponents of the virion and the corresponding genomic
T4 DNA kinase, and ligase were used according to theregions encoding them.
manufacturer (Boehringer Mannheim Biochemicals). De-
letion clones were generated by using the exonuclease
MATERIALS AND METHODS III and the nuclease S1 system as suggested by the
supplier of the Erase-a-Base kit (Promega). Agarose gel
Bacteria, plasmids, and phages electrophoresis was conducted in TAE buffer [40 mM
Tris–acetate (pH 8), 1 mM EDTA]. Preparative gels wereBacterial strains, plasmids, and phages used in this
prepared using low-melting agarose (United States Bio-work are listed in Table 1. Lactococcus lactis subsp.
chemical). DNA fragments were purified by melting ex-cremoris (L. cremoris) was propagated at 307 in M17
cised agarose pieces in an equal volume of water at 457broth (Oxoid Limited) without shaking (Terzaghi and San-
followed by separate phenol and chloroform extractions.dine, 1975). Phage TP901-1-infected L. cremoris 3107
cultures for transcription analyses were grown in SA min-
Construction of plasmidsimal medium (Jensen and Hammer, 1993). Phage titers
were determined as described by Terzaghi and Sandine Construction of EcoRI and EcoRV libraries of TP901-1
(1975). Escherichia coli strains were grown at 377 in LB in a pGEM vector (Promega) has been described pre-
broth (Difco Laboratories) with shaking (Sambrook et al., viously (Christiansen et al., 1994). The EcoRI insertion
1989). Bacto-Agar (Difco Laboratories) was used at 1.5% fragment in pG7f4 and the derived DraI and AluI subfrag-
(w/v) in solid media and 0.5% (w/v) in top agar. Isolation ments were separated by agarose gel electrophoresis
and purification of the temperate phage TP901-1 was and excised. Subclones of the pG7f4 EcoRI insert were
performed as previously described (Sambrook et al., obtained by blunt-end ligation of Klenow-treated AluI re-
1989). striction fragments and DraI restriction fragments into
the pGEM-5zf(0) vector digested with EcoRV. The inserts
DNA preparation of these clones ranged from 50 to 600 bp in size.
DNA extraction from purified phage particles was per- Transformation and selection
formed as described for phage l (Sambrook et al., 1989).
Recombinant plasmid DNA from E. coli was isolated by Competent cells were made from E. coli XL1-Blue with
CaCl2 and transformed as described by Sambrook etthe alkaline lysis technique and preparative samples
were further purified by CsCl–ethidium bromide equilib- al. (1989). XL1-Blue transformants were selected on LB
plates containing 100 mg/ml ampicillin, 12 mg/ml tetracy-rium gradient centrifugation (Sambrook et al., 1989).
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cline, 200 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-galacto-
pyronoside, 0.5 mM isopropyl-b-D-thiogalactoside.
DNA sequencing
The DNA sequences were determined by the method
of Sanger et al. (1977), using the Sequenase version 2.0
DNA sequencing kit (United States Biochemical). Sub-
clones from EcoRI clone pG7f4 were sequenced from
both insert ends with standard primers T7 and SP6 (Pro-
mega). Sequencing of the EcoRI fragments in clones
pG7f9 and pG7f10 was performed by using 2 pmol of
custom-made primers (Hobolth DNA ‘‘Syntese,’’ Lyngby,
Denmark) for approximately every 200 bp covering both
DNA strands. Software collection from the University of
Wisconsin Genetic Computer Group (GCG) version 7 was
FIG. 1. TP901-1 virion protein profile. Lane 1, marker protein; laneused for analysis of sequence data (Devereux et al.,
2, 1010 PFU of denatured phage TP901-1. The proteins were separated1984). Database searches for protein and DNA homology
by SDS–PAGE on a 12% polyacrylamide gel and stained with Coomas-
used the program FASTA (Pearson and Lipman, 1988), sie brilliant blue R-250. Marker sizes are indicated at the left and the
with GenBank release 85, EMBL release 40, and two major virion proteins are indicated at the right. All sizes are given
in kDa.SwissProt release 29. The database searches were per-
formed with the entire sequence, coding regions, and
amino acid sequences of the putative proteins.
kDa (Fig. 1). Degenerate oligonucleotide mixtures corre-
sponding to different DNA coding possibilities were ob-Sodium dodecyl sulfate–polyacrylamide gel
tained from Hobolth DNA Syntese. The oligonucleotideelectrophoresis (SDS–PAGE)
mix representing 128 different possibilities of the 23-kDa
SDS–PAGE was performed according to Laemmli N-terminal protein was (GCNAAg/aCAg/aGGNAAg/aGA),
(1970). CsCl-purified phages were dialyzed against 50 where N represents any of the four nucleotides and small
mM Tris–HCl (pH 8), 10 mM NaCl, 10 mM MgCl2 and letters represent one of two different nucleotides. The
boiled for 10 min in SDS–PAGE sample buffer (Laemmli, 31-kDa N-terminal amino acid sequence was repre-
1970) before electrophoresis. Virion protein sizes were sented by 1024 different combinations (ACNACNCTN-
estimated from migrations in gels containing 10, 12, and GCNGACTTNGT). One hundred picomoles of each oligo-
15% (w/v) polyacrylamide (National Diagnostics). Phage nucleotide mix was labeled as described by Sambrook
preparations of 109 to 1010 PFU were loaded in a single et al. (1989). The labeled oligonucleotides were used as
slot. Gels were processed for Coomassie brilliant blue probes in hybridizations at 457 according to Anderson
R-250 staining as described by Sambrook et al. (1989). and Young (1985). Endonuclease-digested phage TP901-
The low molecular weight marker kit (Pharmacia) pro- 1 genomic DNA was separated on agarose gels and
teins served as markers. transferred to GeneScreen/ membranes (Du Pont, NEN
Research Products, Boston, MA) by vacuum blotting in a
N-terminal protein sequencing 2016 VacuGene unit as recommended by the supplier
(Pharmacia).SDS–PAGE-separated proteins were electroblotted
onto polyvinylidene difluoride membrane (Immobilon-P;
RNA extraction and Northern blottingMillipore) using a Semi-Dry Blotter 5010 (Kem-En-Tec,
Copenhagen, Denmark). After transfer, proteins were
Cells were grown to an optical density at 450 nm of
stained with Coomassie brilliant blue R-250 and bands
0.5 in SA minimal medium and phages were added at a
were excised and their N-terminal amino acid sequences
multiplicity of infection of 5. The TP901-1 phages used
were determined by T. Ellebæk Petersen, Aarhus Univer-
in this experiment were previously propagated lytically
sity, Denmark, using an Applied Biosystems protein se-
on strain 3107. Total RNA samples were prepared from
quencer.
30 ml phage-infected cultures collected at time intervals
of 10 min starting 10 min before the time of infection.Southern blotting and degenerate oligonucleotides
The samples were chilled with N2 and collected by cen-
trifugation at 5000 g. Pellets were then quickly treatedOligonucleotides were designed according to the N-
terminal protein sequence information obtained from the with N2 and kept frozen until extraction. RNA extraction
was performed by adding 0.7 g sterile glass beads (100two major phage TP901-1 virion proteins of 23 and 31
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mm; Sigma) and 1 ml freshly prepared ice-cold extraction protein sequence was almost identical with the N-termi-
nal translation product of a gene, mp2, encoding a virionbuffer [4 M guanidine thiocyanate, 10 mM 2-[N-
morpholino]ethanesulfonic acid (pH 7.0), 10 mM EDTA, protein of phage Tuc2009 (Arendt et al., 1994). Of 21
amino acids determined for both TP901-1 and Tuc200950 mM b-mercaptoethanol, 5% (v/v) Triton X-100]. Sam-
ples were alternately vortexed and kept on ice for 30- only the 18th residue, determined to be a valine in the
putative MTP of phage TP901-1 was different from thesec intervals, repeated for 15 min. Subsequently, 1 ml
phenol:chloroform was added and samples were centri- leucine in the MP2 protein of Tuc2009 (Fig. 2). The MHP
N-terminal protein sequence showed that 12 of 15 deter-fuged. The aqueous phase was reextracted and the RNA
was precipitated by adding ethanol. RNA was resus- mined amino acids were identical to the MP4 protein of
Tuc2009 (Arendt et al., 1994) (Fig. 2).pended in diethylpyrocarbonate-treated water and kept
at 0807. Total RNA loads of 10 mg were separated on a
Genomic location of virion protein-encoding genes1% (w/v) agarose gel with 2% (v/v) formaldehyde, buffered
by 51 MOPS [0.2 M morpholinopropanesulphonic acid
Oligonucleotide mixes representing different N-termi-
(pH 7.0), 50 mM Na–acetate, 5 mM EDTA (pH 7.0)], blot-
nal protein-coding possibilities of the putative MHP and
ted onto GeneScreen/ membrane (Du Pont) and hybrid-
MTP were independently used as probes against TP901-
ized at 687 in 0.5 M Na –phosphate buffer (pH 7.2), 7%
1 genomic DNA digested with endonucleases AccI, DraI,
(w/v) SDS (Church and Gilbert, 1984). Hybridizing probes
EcoRI, and EcoRV. Hybridization with the degenerate oli-
were the 1.23-kb EcoRI insert fragment of pG7f9 (probe A,
gonucleotide probe for the N-terminal of MTP resulted
Fig. 4A) and the 2.5-kb EcoRI–EcoRV fragment of pG7f4
in signals from fragments mapping in an overlapping
(probe B, Fig. 4A). Both probes were [32P]dATP-labeled,
genomic region, the smallest EcoRI restriction fragment
using the Multiprime labeling kit (Amersham).
to give a signal was the 1.2-kb fragment 9, cloned into
pG7f9 (Fig. 3A). Probing with degenerate oligonucleo-
RESULTS tides for the N-terminal of MHP resulted in weak nonspe-
cific smeary signals for all restriction digests tested (notSDS–PAGE analyses
shown). The degenerate oligonucleotide mix for the N-
Staining of phage virion proteins separated in gels terminal of MHP was designed to have eight times less
with Coomassie brilliant blue R-250 revealed two major perfect matches (0.10 pmol) than the degenerate oligonu-
proteins. One of the major proteins was present at a high cleotide mix for the N-terminal of MTP (0.78 pmol).
concentration with a deduced molecular mass of 31 kDa
and another protein with a molecular mass of 23 kDa Sequence analyses
was present at a lower concentration (Fig. 1). These two
The DNA sequence obtained was assembled into amajor proteins were isolated by excision from a stained
4680-bp contig covering the entire EcoRI fragments 9membrane and their respective N-terminal amino acid
and 10 merged with a 2635-bp part of EcoRI fragment 4.sequences were determined. Analysis of virion compo-
Connections between the nonoverlapping EcoRI clonesnents on a number of phages has revealed that head
pG7f9 and pG7f10 and the pG7f4 contig were confirmedand tail structures are assembled from a high number
by primer sequencing on an EcoRV clone, pG5f1, cov-of monomeric proteins and that these numbers most fre-
ering all the involved EcoRI sites (Fig. 3A). The se-quently exceed other virion proteins by severalfold (Cas-
quenced region showed a 63.2% AT content, injens and Hendrix, 1988). Thus, the detection of high con-
agreement with the high AT content observed in Lacto-centrations of the 31- and the 23-kDa proteins made them
coccus lactis (Schleifer et al., 1985). Eleven ORFs in closelikely candidates for the major head protein (MHP) and
proximity were recognized (Fig. 3B). An ORF (mhp) start-the major tail protein (MTP).
ing at position 360 was found to encode a putative 28.9-
kDa protein with N-terminal amino acid sequence match-N-terminal protein sequencing
ing the sequence found for MHP protein. The amino acid
sequence revealed a protein with an isoelectric point (pI)N-terminal protein sequence data obtained from the
putative MHP and MTP are shown in Fig. 2 (bold letters). of 4.93 and potential hairpin motifs as indicated in Fig.
2. Similar motifs in combination with b-sheets constituteHowever, the reactions with the putative MHP protein
contained some interfering signals from the first three the b-barrel structure, recognized from proteins of spher-
ical virus capsomeres (Black et al., 1994; Casjens andamino acids, which suggested that the second down-
stream amino acid was a leucine. As indicated in Fig. 2, Hendrix, 1988). GCG Chou–Fasman (CF) and Garnier–
Osgutherpe–Robson (GOR) protein structure predictionsthe DNA sequence showed a lysine residue at this point.
None of the N-terminal amino acid sequences revealed on the putative MHP protein both revealed at least eight
protein domains with potential b-sheet configurations.a methionine as the first residue.
Database searches revealed that the MTP N-terminal Another ORF (mtp) starting at position 2737, 1575 bp
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FIG. 2. Deduced amino acid sequences of MHP and MTP. Potential hairpin motifs comprising polar and charged amino acids are underlined.
The hairpin motifs provide junctions between predicted b-sheets, facilitating the formation of a b-barrel structure (Branden and Tooze, 1991). Letters
in bold indicate amino acids detected by N-terminal sequencing. Lowercase letters in the N-terminal sequence of MHP indicate identical amino
acids detected in the N-terminal sequence of MP4 from phage Tuc2009 (Arendt et al., 1994). Lowercase letters in the MTP sequence indicate
amino acids identical to MP2 from phage Tuc2009.
downstream from the translation stop signal of the mhp tion initiation by coupling at the 2-nucleotide overlap a
likely mechanism (van de Guchte et al., 1991). ORF b3gene, was found to have N-terminal amino acid se-
quence matching the N-terminus protein of the putative is suggested to start at position 1694, with a UUG codon,
which is a frequent start codon for Bacillus genes, andMTP. The mtp gene was located within the phage geno-
mic EcoRI restriction fragment 9 and encoded a potential in the case of the cat-86 resistance marker has been
proven functional in lactococcal strains (van de Guchteprotein of 18.6 kDa with a pI of 4.67. CF and GOR protein
structure predictions revealed five identically positioned et al., 1992). N-terminal protein sequence demonstrated
that the lactococcal lacF gene also starts with a UUGregions with potential a-helix configurations spaced by
four potential hairpin motifs (Fig. 2). Since major head codon (De Vos et al., 1990). The putative TP901-1 ORF x
encoding a 14.8-kDa protein was found to have sequenceproteins of spherical virions do not include large a-helix
structures (Branden and Tooze, 1991), MTP is a less highly related to a similarly located ORF (x) upstream of
the mp2 gene of lactococcal phage Tuc2009 and waslikely candidate for the head capsomere. Specific anti-
body preparations directed against MHP and MTP were therefore named accordingly.
reported to label, respectively, the head and tail virion
parts of the phage, providing additional evidence for their Terminator structural features
role as major head and tail proteins (Johnsen et al., 1995).
Five ORFs (b2, c1, b3, a1, and x described in Fig. 3B) Evidence for a r-independent termination sequence
calculated to have a free energy (DG) of 010.7 kcal/molwere located between mhp and mtp with potential to
code for, respectively, 7.5 (pI 10.43)-, 12.8 (pI 4.52)-, 12.3 (GCG mFold) was found downstream of the mtp gene at
position 3313–3339, suggesting that transcription of the(pI 4.81)-, 12.5 (pI 10.42)-, and 14.8 (pI 7.53)-kDa proteins.
The MHP gene and ORF b2 overlapped by 1 bp at the downstream ORFs a2 (12.5 kDa, 4.86 pI), c2 (12.8 kDa,
10.15), and b4 (N-terminal 20.8 kDa part) may be regu-terminating/starting point (TAATG), suggesting that trans-
lation of MHP and ORF b2 may be coupled. However, an lated at this point (Fig. 3B). Interestingly, a putative termi-
nator structure was found downstream of the mp2 geneidentical overlap of codons in bacteriophage T7 was
found to facilitate a -1 frameshift during translation (Dunn in Tuc2009, (Arendt et al., 1994). At the 3* end of ORF b3
a structure with a 16-bp stem and 16-bp loop was foundand Studier, 1983). The connected start/stop signals be-
tween ORFs c1 through b3 and a1 to x both showed at position 1851–1899. The stem–loop structure was
found to have a DG of 018.6 kcal/mol (GCG mFold).overlapping by 2 bp (ATTG and AATG), making transla-
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FIG. 3. (A) EcoRI and EcoRV restriction map of TP901-1 with the sequenced region indicated as a black arrow and the probes used in Northern
blotting indicated above (see Figs. 4A and 4B). attL and attR indicate the phage attachment sites defined in (Christiansen et al., 1994). pac indicates
the approximate position of the initial cleavage site of the genome packaging mechanism. (B) Detailed map of genes and ORFs. Lines a, b, and c
indicate the three different reading frame possibilities. The open boxes indicate genes or ORFs. Filled boxes indicate identified genes or ORFs with
putative similarity to other genes. Open bar below the figure indicates the region related to the 1224-bp region of Tuc2009 (Arendt et al., 1994). R
indicates that a potential ribosome-binding site was detected (see Table 2). C indicates that translation by coupling is suggested. F indicates that
the ORF may be translationally fused with the upstream gene. Dashed vertical line in ORF c2 indicates that the start codon may be located at a
downstream point (3735) with the potential ribosome-binding site indicated in Table 2. Dot below ORF b3 indicates position of stem–loop structure,
1851–1899. Striped bar indicates the region with potential transcription regulatory function, region with inverted 9-, 10-, and 6-bp repeats, 3184–
3235, and putative r-independent terminator structure, 3313–3339. The gene and ORF positions are as follows: b1 (sfp), 1–358; mhp, 360–1181;
b2, 1181–1378; c1, 1365–1697; b3, 1694–2005; a1, 2002–2340; x, 2337–2726; mtp, 2737–3246; a2, 3361–3696; c2, 3693–4055; and b4 (hip), 4070–
4680.
Putative ribosome-binding sites ATGG motif observed for the other ORFs. The sequence
upstream of ORF c2 also revealed a start codon spaced
Alignment of sequence stretches upstream of the ORF
16 bp from the potential ribosome-binding site.
start codons revealed that 8 of the 10 translational start-
ing points had more than four nucleotides corresponding Sequence similarity to other viruses
to the Shine–Dalgarno consensus complementary to the
3* end of lactococcal 16S rRNA (Ludwig et al., 1985; The DNA similarity searches with the entire sequence,
as well as coding regions, resulted in detection of shortShine and Dalgarno, 1974). Even ORF b2 and ORF a1
with the potential to be translated by coupling were found AT-rich stretches of other DNA clones, particularly eu-
karyotic cDNA clones. However, a sequenced region ofto have such a match. The upstream regions of the mhp
and mtp genes as well as the upstream regions of ORFs 1224 bp from phage Tuc2009 (Arendt et al., 1994) encod-
ing virion proteins, MP2, and an ORF (x), showed a highc1, a1, a2, and b4 were all found to contain variable
sequences with a different degree of ribosomal match degree of similarity. The TP901-1 genomic region includ-
ing ORF x and the mtp gene shows 91.1% identity with(Table 2). As indicated, 5 of the 8 start codons with poten-
tial upstream ribosome-binding sites had an ATGG motif the sequenced region of Tuc2009. A high degree of both
DNA and protein identity between mp2/MP2 of Tuc2009with G at the fourth position. Both ORF b2 and ORF x
had no recognized ribosome-binding sites, but the 01 (Arendt et al., 1989) and TP901-1 mtp/MTP suggests that
the two proteins have similar functions. The region offrameshift starting ORF b2 at ATGG also had a G at the
fourth position. ORF b3 and ORF a1 with potential to be Tuc2009 that has been sequenced and corresponds to
the TP901-1 region encoding ORF x and mtp is indicatedtranslated by either independent initiation or coupling
were found to have starting codons deviating from the in Fig. 3B. These regions had only 82 single-nucleotide
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TABLE 2
Potential Initiation Sites for Virion Protein Synthesis
a Only upstream regions of ORFs with a GGA motif less than 25 bp upstream of the potential initiation site are included in this table. Underlined
letters represent 3* 16 S rRNA match, bold letters represent translation start codon, and italic is used to emphasize the frequent position of a G
as the base next to the initiation site.
b The 3* 16 S rRNA sequence is cited from Ludwig et al. (1985).
R,C Indicates the presence of a putative ribosome recognition site where translation may be initiated by coupling (see also Fig. 3B).
C Indicates that ORF c2 translation may also be initiated by coupling at an upstream point (see also Fig. 3B).
differences, consisting mainly of 66 substitutions. Most moter, which also facilitated transcription of genes en-
coding scaffolding and major capsid proteins (Dunn andpronounced variations were located at positions up-
stream of the respective ORFs. One single-nucleotide Studier, 1983). This ORF was tentatively named hip as it
may be part of a host-interacting protein structure. Theinsertion was found in the Tuc2009 sequence in a non-
coding region and a 12-bp insertion was detected in the 5* end of the sequenced region revealed an ORF, b1,
encoding a 13-kDa C-terminal protein fragment. In bothmtp gene of TP901-1.
Protein database searches with putative proteins re- phage l and T7 the genes Nu3 and 9 encode proteins
with scaffolding functions. These genes are positionedsulted in more interesting similarities. MTP and the tail
shaft protein (gpV) of bacteriophage l (Sanger et al., upstream of the genes encoding major capsomere pro-
teins (Dunn and Studier, 1983; Sanger et al., 1982). ORF1982) revealed 11.4% identity and 38.6% similarity, again
suggesting that MTP may be a component of the tail b1 has positional potential for encoding a scaffolding
protein function and, in CF/GOR structure predictions,structure of TP901-1. MHP match with the main capsid
proteins gp34 of Lactobacillus delbrueckii phage mv4 the molecule consisted almost entirely of a-helices as
determined for scaffolding proteins of other phages (Cas-(Vasala et al., 1993) and gp23 of T4 (Parker et al., 1984)
revealed 20.1 and 25.5% identity, respectively. Sequence jens and Hendrix, 1988). On this basis the ORF b1 was
tentatively named sfp.analysis of the genomic regions encoding the main cap-
sid proteins of L. delbrueckii bacteriophages LL-H and
mv4 has revealed a genomic organization similar to Transcription analyses
TP901-1, with ORFs in close proximity encoding proteins
of 15.6, 12.5, and 9.4 kDa positioned downstream of gp34 Northern hybridization with both probe A (EcoRI–
EcoRV 3.4-kb fragment covering the upstream se-(Vasala et al., 1993). No notable DNA similarity could be
detected between the similarly located ORFs of TP901- quenced region and mhp) and probe B (EcoRI 1.2-kb
fragment covering ORFs x and mtp) (Figs. 3A and 3B)1 and LL-H/mv4. However, the putative proteins encoded
by ORFs b1, c1, and b2 in TP901-1 were not only orga- against total RNA isolated at various times after infection
resulted in detection of a 3.7-kb transcript (Figs. 4A andnized as ORFs 4, 5, and 6 in phage mv4, but also revealed
16–20% amino acid identity in a GCG best-fit analysis. 4B). Additionally, bands of 1.6 and 0.70 kb were observed
40 min after infection with both probes. HybridizationThe N-terminal part of a putative protein deduced from
ORF b4 located at the 3* end of the sequenced region signals were also obtained at the end of the lanes, corre-
sponding to degraded RNA, but only in phage-infectedwas found to have 24% similarity with the host-range-
affecting protein (gp7.3) of T3 (Beck et al., 1989). The samples. The size of the observed mRNA correlated with
a full-length transcript (3.7 kb) which may be initiatedcorresponding host-range-affecting protein of T7
(Studier, 1975) is transcribed from a late class III pro- upstream of ORF b1 (sfp) and include the mhp gene
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tween the mtp gene and upstream ORF x region of
TP901-1 showed 91% sequence similarity with the corre-
sponding mp2 gene and ORF x region of Tuc2009. The
putative terminators with different structures down-
stream of these genes may indicate a difference in tran-
scriptional regulation. The phage integration systems of
Tuc2009 and fLC3 were reported to be highly similar
(van de Guchte et al., 1994a), whereas the attP and attB
sites from TP901-1 showed no homology to those of
fLC3 (Christiansen et al., 1994).
Temperate phages TP901-1, C3-T1, and Tuc2009 and
the related virulent P335-type phages have DNA packag-
ing mechanisms that resemble the pac site mechanism
revealed in the Salmonella phage P22 (Casjens and Hen-FIG. 4. Northern blot of total RNA, with (A) probe A and (B) probe B
drix, 1988). The fLC3 phage, however, generates cohe-(see Fig. 3A). RNA samples were prepared from cell culture just before
phage infection (lanes 1) and 30, 40, and 50 min after phage infection sive sites at the genomic ends by a packaging system
(lanes 2, 3, and 4, respectively). Marker sizes are given in kb at the analogous to that of l (Lillehaug et al., 1991; Smith and
left (RNA ladder, Gibco BRL). Transcript sizes are indicated at the right, Feiss, 1993). These results suggest that the Lactococcus
also in kb.
phage genomes may have evolved by different combina-
tions of related elements.
A putative transcription terminator structure was foundthrough to mtp, terminating upstream of ORF a2. As the
in the region between the mtp gene and ORF a2. North-small mRNAs were observed with both probes they are
ern analyses showed that a 3.7-kb transcript was initi-most likely processed products of the 3.7-kb transcript.
ated upstream of the mhp gene and may end at thisHowever, the 2.7-kb band recognized with probe A (Fig.
terminator structure downstream of mtp. The transcript4A) appeared as a distinct band, suggesting that a new
encoded both the MHP and the MTP. Consequently, thetranscript was detected or that a high number of tran-
translational frequency of the ORFs located betweenscripts were terminated at a point close to the stem –
these two genes may be adjusted by the degree of cou-loop structure located at the 3* end of ORF b3.
pling or the efficiency of ribosomes sites.
Gene mhp and ORF b2 overlap with a 01 frameshift.DISCUSSION
An identical 01 frameshift in T7 has been found to cause
a small proportion of the major head protein, 10A, to fuseTwo major bands were observed in protein from phage
TP901-1 virion subjected to SDS–PAGE. N-terminal with the protein of the downstream gene to make the
minor head protein 10B (Dunn and Studier, 1983). If theamino acid sequencing, oligonucleotide hybridization,
and DNA sequencing allowed the identification of the MHP and the protein encoded by ORF b2 were to be
joined, the fused protein would be uncharged and likelycorresponding genes, mhp and mtp, in the phage ge-
nome. They are separated by 1.6 kb (Fig. 3B). Computer to have its more hydrophilic extension located at the
surface of the phage. Monoclonal antibodies raisedanalyses of the putative protein sequences revealed a
number of acidic residues and molecular sizes of 28.9 against the 35-kDa major capsid protein of bacterio-
phage u136, a P335-type member, were also found toand 18.6 kDa, respectively. This is in disagreement with
the sizes of 31 and 23 kDa deduced from SDS–PAGE react with a 45-kDa protein. Secondary 125I-radiolabeled
antibodies and autoradiographic detection showed label-and may be related to the overall negative charge of
both proteins. The relative amounts present of the two ing of the 35-kDa capsid proteins and less intense sig-
nals from the 45-kDa proteins (Moineau et al., 1993). Ifproteins in the tailed spherical TP901-1 particle and the
structural motifs identified in the proteins make them P335-type phages have virion heads consisting of protein
produced in a way similar to the 10B protein of T7, itreasonable candidates for the major head and major tail
proteins of the phage virion. The putative MHP protein could be expected that the fused protein, like 10B, is
present at low concentration. A faint protein band of 38was found to contain the hairpin and b-sheet structural
motifs, which facilitate spherical folding. The MHP pro- kDa was detected in TP901-1 when 1010 PFU were tested
with MHP antiserum (data not shown).tein database comparison also indicated similarity to
other spherical virus capsomere proteins. The similarity The suggested prevalence of the use of 02 frameshift
in coupled translation in both TP901-1 and Lactobacillusof MTP to gpV of l suggests that MTP is involved in the
phage tail structure. phages LL-H and mv4 (Vasala et al., 1993) has led us to
speculate that the poor similarity of the potential ribo-The major virion proteins of TP901-1 and Tuc2009
show a strikingly high degree of identity. The DNA be- some binding site of c2 to that of the other sites included
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I. B., Ronda, C., Saxelin, M., and Teuber, M. (1991). Species and typein Table 2 is due to coupled translation at position 3693
phages of lactococcal bacteriophages. Intervirology 32, 2–9.(ATAG). The suggested addition of 14 amino acid resi-
Jarvis, A. W., Parker, V. R., and Bianchin, M. B. (1992). Isolation anddues to the N-terminal of the protein encoded by ORF characterization of two temperate phages from Lactococcus lactis
c2 would change the pI from 10.15 to 8.37. The rare ssp. cremoris C3. Can. J. Microbiol. 38, 398–404.
initiation codon AUA, suggested for ORF c2, has pre- Jensen, P. R., and Hammer, K. (1993). Minimal requirements for expo-
nential growth of Lactococcus lactis. Appl. Environ. Microbiol. 59,viously been recognized as the start codon of the lysin
4363–4366.gene of the lactococcal prolate-headed phage fvML3
Johnsen, M. G., Neve, H., Vogensen, F. K., and Hammer, K. (1995). Virion(Shearman et al., 1994).
positions and relationships of lactococcal temperate bacteriophage
TP901-1 proteins. Virology 212, 595–606.
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